INTRODUCTION
The lung is inevitably exposed to radiation during treatment for many tumors in the thoracic region, and radiation-induced lung toxicity remains a critical limiting factor for escalating radiation doses to optimally treat tumors (1) . Although the radiation response of the lung has been studied thoroughly in animals and humans, the exact processes leading to late radiation damage are not completely understood.
The prevalent view in the current literature regarding radiation-induced normal tissue injury is that ionizing radiation triggers a cascade of molecular events that begins immediately and continues to promote tissue damage long after the normal tissue was irradiated (2) . These molecular events not only are initiated by the generation of reactive oxygen species but also are perpetuated by their continuous production and involvement in direct cellular damage and indirect complex cellular signaling (2, 3) . These processes may overpower cellular antioxidant defenses and increase oxidative burden, which perpetuates radiation injury (4) (5) (6) . The importance of endothelial cell damage as a major contributor to normal tissue injury after irradiation has been investigated (7, 8) . Early hypoperfusion due to radiation-induced vascular changes and escalated oxygen consumption, a consequence of increased cellular metabolism, has been ascribed to the generation of tissue hypoxia, which further exacerbates injury (5) . Later this response is followed by prominent macrophage infiltration and the production of cytokines and additional reactive species (4, 5, 9) . In this manner, hypoxia may continuously amplify a non-healing wound response, characterized by fibrogenesis through TGFb1 activity and angiogenesis through VEGF production (5, 9) .
HIF1a has been described as the major regulator of tissue oxygen homeostasis (10) . Elegant studies have shown that hypoxia may not be the only influence on HIF1 activity; conversely, oxidative stress might play an important role in HIF1 activity (11, 12) . Recently, we documented that in irradiated lungs, HIF1a activity is associated with increased hypoxia and oxidative stress (9) ; however, the role of HIF1a in the time course of radiation-induced lung injury is not clearly defined. Identification of molecular pathways in radiation-induced lung injury might provide more effective therapeutic targets to prevent the development of pulmonary damage and result in better therapeutic outcome.
Here we hypothesized that a fractionated radiation regimen in our well-established rodent model of lung injury would lead to activation of the HIF1a pathway. The goal of this study was to determine HIF1a activity after fractionated irradiation and to show how it was related to oxidative stress, tissue hypoxia, angiogenesis and inflammation and their relationships to radiationinduced lung injury.
MATERIAL AND METHODS

Animals
Experiments were performed using 80 female Fischer 344 rats with prior approval from the Duke University Institutional Animal Care and Use Committee. The animals were housed three per cage and were maintained under identical standard laboratory conditions. Food and water were provided ad libitum. Serial studies were performed before and at 4, 6, 10, 14, 18, 22 and 26 weeks after irradiation.
Irradiation
At the time of irradiation all rats weighed between 160 and 170 g to minimize possible variations in lung size. The animals were anesthetized before irradiation with intraperitoneal injection of ketamine (65 mg/kg) and xylazine (4.5 mg/kg) and were placed in a prone position. Hemithoracic radiation was delivered to the right lung with a fractionated dose of 40 Gy (8 Gy 3 5 days) at a dose rate of 0.71 Gy/min using 150 kV X rays (Therapax 320, Pantak Inc., East Haven, CT). Lead blocks (12 mm) were used to protect the left thorax and the rest of the body.
Histology
Ten rats each were killed humanely with an overdose of pentobarbital before and at 4, 6, 10, 14, 18, 22 , and 26 weeks after irradiation for histopathology and immunohistochemistry. Lungs of five animals from each time were infused by tracheal instillation of a solution containing 10% neutral-buffered formalin, 2% glutaraldehyde, and 0.085 M sodium cacodylate buffer for 25 min for fixation prior to removal of the lung. After removal, the lungs were preserved in 10% formalin for 24 h, and then the different right lung lobes were separated and embedded in paraffin. Then the tissue was cut into 5-mm-thick sections with a microtome, stored on slides and stained. Lungs of the remaining five animals per time were snap frozen in liquid nitrogen and then stored at 280uC for Western blot analysis.
Pimonidazole (Hypoxia) Determination
Five animals at each time were administered pimonidazole hydrochloride (Hydroxyprobe-1; Chemicon International Inc., Temecula, CA) at 70 mg/kg (i.p.) 3 h before killing. The tissues were harvested for immunohistochemistry as described previously (13) .
Immunohistochemistry
Immunohistochemistry was performed as described elsewhere (5, 13) . Briefly, the tissue sections (lower lobes of right lung), fixed on slides, were deparaffinized on a heating pad and rehydrated with xylene and alcohol concentrations between 100% and 80%. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 min. The slides were then placed in a citrate buffer solution (Biogenex, San Ramon, CA) and heated in a microwave for 10 min for antigen retrieval. The tissue sections were then blocked in 10% donkey serum to reduce background. Next the tissue sections were rinsed with phosphate-buffered saline solution and incubated overnight at 4uC with primary antibodies to HIF1a (1:100, mouse monoclonal, Novus Biological), pimonidazole (anti-rabbit, gift from Dr. J. A. Raleigh, UNC, Chapel Hill, NC), NFkB (p65) (1:500, rabbit polyclonal, Abcam Inc., Cambridge, MA), macrophage marker ED1 (1:100, Serotec, Oxford, UK), CA IX (1:2000, rabbit polyclonal, Abcam Inc., Cambridge, MA), 8-OHdG (8-hydroxydeoxyguanine, mouse monoclonal, 1:2000, JaICA, Shizuoka, Japan), VEGF (1:100, Santa Cruz Biotechnology Inc., Santa Cruz, CA), CD 105 (Dako Cytomation, Carpinteria, CA), and active TGFb1 (1:200, Santa Cruz Biotechnology). Slides were then washed three times in phosphate-buffered saline solution for 5 min followed by the incubation with the appropriate secondary antibody (1:200, Jackson ImmunoResearch, West Grove, PA) for 30 min at room temperature. Again slides were washed three times in phosphate-buffered saline for 5 min each followed by incubation with ABC-Elite (Vector Laboratories, Burlingame, CA) for 30 min at room temperature and developed using DAB working solution (Laboratory Vision, Fremont, CA). Finally, the slides were counterstained with Harris hematoxylin (Fisher Scientific, Pittsburgh, PA) and mounted with cover slips.
Semi-quantification of Immunohistochemistry
Image analysis was carried out as described previously (5) . Briefly, slides were systematically scanned at a lower magnification to define the lung injury at a specific time by evaluating H&E-stained slides along with immunohistochemistry-stained consecutive slides. Eight to 10 representative digital images were acquired from each slide using a 403 objective. Activated macrophage marker ED1, HIF1a, NFkB and 8-OHdG staining were quantified as positively stained cells or nuclei per high-power field. Results were expressed as the percentage of positively stained cells or nuclei to total cells. CD 105 expression was quantified as positively stained endothelial cells per high-power field and expressed as the proliferating capillary index (PCI).
Staining for pimonidazole, CA IX, active TGFb and VEGF was analyzed in Adobe Photoshop (Version 7.0; Adobe Systems, San Jose, CA). After the positive expression of staining per digitized image was quantified, the total tissue area regardless of expression was quantified. The percentage of positively stained pixels was determined by the ratio of positive staining over the total tissue area per digital image acquired at low magnification. The results represent the average percentage of positive-staining pixels from 8-10 digital images per animal and five animals per time.
Western Blot
Snap-frozen irradiated and control lung tissues were extracted with T-PER Tissue Protein Extraction kit (Pierce, Rockford, IL). Briefly, 0.1 g of tissue was homogenized in 2 ml T-PER reagent containing proteinase inhibitors (Roche Diagnostics, Mannheim, Germany) for 15 min and then centrifuged at 10,000g for 5 min to remove tissue debris. Supernatants were collected and concentrations were determined by the DC protein assay (Bio-Rad Lab, Hercules, CA). For Western blotting, 40 mg of total protein was separated using 4-20% SDS-PAGE gels, transferred onto a polyvinylidene fluoride membrane (PVDF), and probed with specific antibodies against NFkB p50, HIF1a and CA IX. Images were acquired with an ECL chemiluminescence kit (Amersham, Arlington Heights, IL). Western blot data were quantified as described (14) .
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Statistical Analysis
All data are presented as means ± SEM for each parameter. Times for each parameter were compared to the preirradiation controls by t tests. All P values reported were two-sided, and statistical significance was defined as P , 0.05.
RESULTS
Irradiated lungs exhibited strong HIF1a staining, that was localized mainly to damaged areas and inflammatory cells (Fig. 1A) . A significant increase in HIF1a staining was observed 4 weeks after irradiation compared to controls (P , 0.001), and it increased progressively with time after irradiation (Fig. 1B) . Western blot analysis basically confirmed the increase in HIF1a expression observed in the immunochemistry assay with small discrepancies in levels at some times (Fig. 1C, D) .
Tissue hypoxia is associated with increased expression of CA IX. A significant increase in CA IX-positive staining was observed at 4 weeks after irradiation compared to the control group (P 5 0.05) (Fig. 1A and B). CA IX staining increased further up to 10 weeks after irradiation and decreased slightly thereafter (10 weeks compared to 14 weeks: P , 0.05) but remained significantly increased compared to control animals (P 5 0.017). From 18 weeks after irradiation to the end of the observation period, CA IX expression rose again. Western blot analysis basically confirmed the increase in CA IX expression observed in the immunochemistry assay with small discrepancies at some times (Fig. 1C, D) .
Staining for the exogenous hypoxia marker pimonidazole revealed little immunoreactivity in control lung tissue (Fig. 1A, B) . However, pimonidazole staining at 4 weeks after irradiation showed significantly higher levels of hypoxia in irradiated lungs that remained elevated during the follow-up period.
8-OHdG is a marker of oxidative stress. 8-OHdGpositive nuclear staining was significantly higher at 4 weeks after irradiation compared to control levels (P 5 0.002) and increased progressively with time ( Fig. 2A  and B) . ED1, a marker of activated macrophages, increased in irradiated lung under the inflammatory response ( Fig. 2A) . The number of macrophages increased significantly at 4 weeks after irradiation (4 weeks compared to controls: P 5 0.001) and remained elevated throughout the follow-up period (Fig. 2B) .
NFkB expression also increased at 4 weeks after irradiation compared to the controls (P , 0.001) (Fig. 3A and B) . Western blot analysis for NFkB also revealed a positive expression, but NFkB did not increase with time after irradiation (Fig. 3C, D) . As expected, the expression of TGFb1 activity increased at 4 weeks after irradiation (4 weeks compared to control: P 5 0.006) and increased continuously over time (Fig. 4A, B) . TGFb1-positive staining was found mainly in macrophages and damaged focal areas in the lung.
VEGF was elevated after irradiation as well, showing a significant increase at 6 weeks compared to the controls (P 5 0.007) (Fig. 4A, B) . VEGF expression increased further up to 10 weeks after irradiation, and its levels remained elevated during the entire observation period. The proliferating capillaries index (PCI) showed a significant increase 6 weeks after irradiation compared to the controls (P 5 0.003) (Fig. 4A, B) . The PCI increased further up to 22 weeks after irradiation and remained elevated during the follow-up period.
The histological images demonstrated the typical radiation-induced lesions in the lung in respect to time after irradiation. The H&E-stained lung sections of irradiated animals showed the deterioration of lung tissue with time (data not shown). Masson's trichrome staining indicated collagen deposition starting from 10 to 14 weeks that increased with time and eventually obliterated the alveoli at the later times (Fig. 4A) .
DISCUSSION
The results of the current study indicated HIF1a activation in rat lung after fractionated irradiation. This up-regulation was observed consistently during the complete study period of 26 weeks after irradiation. Increased oxidative stress coincided with tissue hypoxia in immunohistochemistry analysis. Inflammation and expression of TGFb1, VEGF, CD 105 and NFkB also occurred at elevated levels after radiation exposure throughout the follow-up period.
The current results suggest that sustained chronic oxidative stress, a mediator through which radiation stabilizes HIF1a, may be associated with increased HIF1a expression in irradiated lung (11, 15, 16) . When Mn porphyrin-based catalytic antioxidant treatment was delivered during and after fractionated radiotherapy of the lung, significant decreases were observed in oxidative stress as well as HIF1a and its regulated proteins (17) . Such effects may be the consequence of the antioxidant's ability to remove reactive species and/or the direct interaction with signaling proteins (18) (19) (20) (21) . In agreement with those studies, the current data also support the conclusion that radiation not only induces HIF1a activity but also produces reactive species that might serve as regulators of HIF1a activity in lung injury.
Recent work suggested that an imbalance between oxygen demand and supply can occur early in irradiated and diseased normal tissue before any histological evidence of injury is detected (5, 22) . Our previous studies demonstrated a significant decrease in lung perfusion with the occurrence of tissue hypoxia (CA IX, an endogenous marker of hypoxia) that intensified further over time after irradiation (5) . In the present study, we used pimonidazole and CA IX to evaluate tissue hypoxia in irradiated lung at different times after fractionated irradiation. The levels of pimonidazole and CA IX expression were significantly up-regulated throughout the observation period. Collectively, our studies suggest an important role of tissue hypoxia in radiation-induced lung injury (5, 13) .
Different mechanisms have been used to explain how radiation exposure leads to the development of normal tissue hypoxia. They may share a common landmark: HIF1a induction through radiation-induced nonhypoxic or hypoxic HIF1a pathways. In nonhypoxic activation of HIF1a signaling, free radicals directly or indirectly regulate the stabilization, translocation and activation of HIF1 via cytokines in an ROS-dependent mechanism (11, 23) . In addition to setting off this oxidative pathway and cytokine activity, acute ischemia (low perfusion) also affects the translational machinery in the irradiated tissue, contributing further to the radiation-induced activation of the HIF1 pathway (5, 9) . In a recent study, we hypothesized that one of the mechanisms involved in the development of radiation-induced lung hypoxia is the direct damage to the vasculature that resulted in reduced tissue perfusion (5) . The observation in neuronspecific knockout mice indicated that HIF1 deficiency could protect mice from cerebral ischemic injury (24) . Thus it appears that oxidative stress and hypoxia play important roles in controlling cell signaling pathways and in regulating the activity of important transcription factors involved in radiation-induced lung injury (5, 9) .
The levels of TGFb1 continued to increase throughout the study (Fig. 4) , which was the same expression pattern observed for tissue hypoxia (Fig. 1) . This confirmed our previous findings that hypoxia is found in reactive tissue areas characterized by TGFb1 expression and collagen deposition (5, 13, 17) . Moreover, TGFb1 and hypoxia have been shown to act synergistically with regard to various types of collagen production (25, 26) . Different genes that play important roles in fibrogenic response are direct HIF1a targets, such as TIMP-1, PAI-1 and CTGF (27) (28) (29) . Thus increased HIF1a expression is most likely to play an important role in the pathogenesis of irradiated tissue through direct transcriptional regulation of specific profibrotic genes and TGFb1 signaling. As expected, the number of activated macrophages also increased significantly during the follow-up period of 26 weeks after fractionated irradiation. Similar inflammatory response in lung was seen in our rat model of single doses of 28 Gy (5). It was thought that tissue hypoxia might influence the pathogenesis of radiation-induced lung disease through the regulation of inflammatory responses (5, 13, 17, 30) , affecting inflammatory cell recruitment (31) and function (32) . Thus HIF1a signaling in inflammatory cells may also play a significant role in irradiated lung.
Previous studies indicated that radiation is also associated with NFkB activity, which in turn induces a number of pro-inflammatory, apoptotic and oncogenic genes that collectively function to foster cellular adaptation to stress (33) (34) (35) (36) . Here we also demonstrated for the first time that levels of NFkB, a redox-sensitive transcription factor, were significantly elevated after fractionated irradiation, during the period when oxidative stress and hypoxia were already present in irradiated lung.
The current results are not conclusive in describing the time-related events involved in fractionated radiationinduced lung injury. Follow-up studies are in progress to explore the HIF1a signaling, along with tissue hypoxia, oxidative stress and cytokines, prior to 4 weeks. Although Western blot analyses basically confirmed the findings in immunochemistry assay, there was a small discrepancy in the expression of HIF1a, CA IX and NFkB at some times. For example, the immunohistochemistry analysis showed an increase in expression over time, whereas Western blot analysis only confirmed the increases in these proteins at each time after irradiation but did not show a time-dependent change. This difference can be explained by the differences in experimental methodology and data analysis. For instance, the immunohistochemistry assay used the whole lower lobe of the irradiated Semi-quantitative analysis of TGFb1, CD 105 and VEGF. The expression of active TGFb1 increased 4 weeks after irradiation (P 5 0.006) and continued to increase over time. VEGF levels also showed a significant increase 6 weeks after irradiation compared to the unirradiated controls (P 5 0.007). VEGF levels remain elevated throughout the 26-week observation period. Expression of CD 105 after irradiation increased significantly at 6 weeks and was associated with the formation of apparently nonfunctional blood vessels. Error bars represent ± SEM.
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right lung, which revealed a focal and nonrandom distribution of obvious changes in lung architecture and radiation-induced damage. These focally damaged areas correlated with strong expression of tested markers. For analysis of expression, representative areas with the most severe damage were assessed. Thus the time-dependent changes shown in the immunohistochemistry assay reflect the progressive damage in focal areas. For Western blot analysis, a random and relatively small piece of the lower lobe from the irradiated right lung and of the nonirradiated right lung of control animals was excised. Thus severely damaged areas might have been missed during tissue sampling. The ratio of damage tissue to normal tissue in the sample would cause different outcomes when molecular markers were tested with this protocol. Therefore, it is important to optimize the tissue sampling, and the exact same area should be used for both the immunohistochemistry and Western blot assays.
In summary, the current data show a time-related similarity in the levels of oxidative stress, tissue hypoxia, angiogenesis and inflammation. Compared with our previous findings, the current observation showed similarity in the temporal expressions but not in the extent of these markers (5) . The data provide further insight into the role of HIF1a in the pathogenesis of radiation-induced lung injury. Most importantly, HIF1a expression was found early in the pathogenesis of the injury, at a time when no clear histological evidence of injury was present. This suggests that HIF1a activation can represent an early event and a potential pro-fibrotic stimulus. Radiation-induced lung damage is not confined to a single event but involves complex signaling between FIG. 5. Possible mechanisms of development of normal tissue hypoxia after irradiation. In nonhypoxic activation of the HIF1a pathway, oxidative stress has been implicated in irradiated tissue (11) . Recent studies showed that HIF1a can be stabilized by exposure to radiation, and triggering signals were identified to be reactive species (11, 15) . In addition to setting off this oxidative pathway, tissue ischemia/hypoxia also contributes to the radiation-induced activation of the HIF1a pathway. Moreover, recent work suggested that disturbance between oxygen demand and supply can even occur early in irradiated normal tissue before visible scarring is detected (5) . HIF1a signaling could promote the development of tissue damage by exerting a direct influence on profibrotic gene expression, inflammation, NFkB and cytokine activity. different pathways, enhancing and maintaining the processes that lead to lung damage (Fig. 5) . However, whether radiation-induced HIF1a expression in lung tissue is a consequence of tissue hypoxia or a result of oxidative stress or both remains to be determined.
